Introduction {#Sec1}
============

The last few years have witnessed tremendous development in bioelectrochemistry largely owing to the increased knowledge of making nanostructured electrodes surfaces \[[@CR1]--[@CR4]\] in combination with the understanding of how to bring about controlled architectures/orientation of biomolecules on such surfaces \[[@CR5]--[@CR10]\] and also the closer collaboration between (bio)electrochemists and biochemists/molecular biologists \[[@CR11]--[@CR22]\]. Additionally, research on and the foreseen need for practical applications, e.g. in electrochemical biosensors \[[@CR23]\], biofuel cells \[[@CR24]--[@CR26]\] and bioelectrosynthesis \[[@CR27]\], have also speeded up the research activities in this area. The drive to make bioelectrochemical devices/systems as simple as possible has put a focus on how to bring about efficient electron transfer reactions between the biologically derived material and electrodes without the need for additional and possibly leaching (and toxic) chemicals \[[@CR28]--[@CR32]\].

Cellobiose dehydrogenase (CDH) is a flavocytochrome \[[@CR33]\] belonging to the restricted number of oxidoreductases that in their native wild-type form show efficient direct electron transfer (DET) between the active site and an electrode surface. CDH does this because it consists of two separate domains with different structures and inherent properties joined together by a polypeptide linker region. The larger flavodehydrogenase domain (DH~CDH~) is catalytically active, whereas the smaller cytochrome domain (CYT~CDH~) contains haem *b* as a cofactor and acts as an electron transfer protein between DH~CDH~ and a terminal, macromolecular electron acceptor. By 1991 Hill and co-workers \[[@CR34]\] had divided the oxidoreductases, from a bioelectrochemical point of view, into two different groups---intrinsic and extrinsic---and characterised them as follows \[[@CR34]\]:

Catalytic reaction between an enzyme and its substrate takes place within a highly localised assembly of redox-active sites. There need be no electron transfer pathways from these sites to the surface of the enzyme, where, it is presumed, it would interact with an electrode. For such intrinsic redox enzymes, electrode reactions may require (1) that the sites of the catalytic reaction be close to the protein surface, (2) that the enzyme can deform without loss of activity, (3) that the electrode surface projects into the enzyme, (4) that electron pathways be introduced by modification of the enzyme. With the extrinsic redox enzymes, there is usually another protein involved in transporting electrons and therefore an electron transfer pathway exists within the enzyme connecting the active sites to an area on the surface where the ancillary protein binds. If this area could be disposed toward an electrode, it would be possible for the enzyme electrochemistry to be obtained.

From a structural point of view CDH \[[@CR35], [@CR36]\] is obviously an extrinsic redox enzyme, where the CYT~CDH~ acts as a built-in mediator \[[@CR37]\]. What further supports this is that in several recent reports it has been shown that copper-dependent polysaccharide monooxygenase (PMO) is likely to be the physiological redox partner of CDH which can therefore explain the role of CYT~CDH~ (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR38]--[@CR41]\]. Fig. 1Proposed in vivo function of CDH. Electrons from the oxidation of cellobiose or higher cellodextrins are acquired by CDH, which donates them to the surface-exposed type-2 copper centre of PMO to activate molecular oxygen for the cleavage of cellulose \[[@CR38]--[@CR41]\]. Initial studies show that the electron transfer via the CYT~CDH~ is quite efficient \[[@CR62]\]

In 2010 we reviewed the basic electrochemical properties of CDH \[[@CR19]\]; however, since then, a series of investigations on the biochemistry and bioelectrochemistry of various CDHs \[[@CR42]--[@CR44]\] have been pursued as well as one on the fundamentals of the intramolecular electron transfer (IET) between the two domains of CDH \[[@CR45]\]. Furthermore a series of genetic work has been done to improve the glucose-oxidising properties of CDH (Ortiz et al. submitted) \[[@CR46]\], in particular, as well as nanostructuring of both carbon \[[@CR47]\] and gold-based electrodes \[[@CR48], [@CR49]\] to improve the loading and orientation of CDH on the electrode surface and thus also current densities. Especially in the field of biofuel cells \[[@CR49]--[@CR51]\] great progress has been made on the spatial arrangement of CDH on electrodes (Ortiz et al. submitted) \[[@CR47]--[@CR49], [@CR52], [@CR53]\] and CDH-based biosensors \[[@CR54]--[@CR58]\]. Such progress has prompted this new review on the bioelectrochemistry of CDH. One should also note that CDH has been used to make gold nanoparticles (AuNPs) and with the use of scanning electrochemical microscopy it was possible also to localise such AuNPs on surfaces with the help of CDH \[[@CR59]\].

Occurrence and classification of CDH {#Sec2}
====================================

Cellobiose dehydrogenase is secreted by white- and brown-rot, phytopathogenic as well as composting fungi from the dikaryotic phyla Basidiomycota and Ascomycota under cellulolytic culture conditions \[[@CR60]\]. The CDH enzyme family is a heterogenous group of proteins with protein sequences between 749 and 816 amino acids long and sequence identities as low as 35 %. Phylogenetic analyses of these sequences showed several well-supported branches. Basidiomycete CDH sequences (from the Atheliales, Corticiales and Polyporales) form the branch of class I CDHs. Class II consists only of sequences of ascomycete origin (Sordariales, Xylariales and Hypocreales). This class of CDHs partitions into two subclasses: class IIA CDHs and class IIB CDHs. For members of the Eurotiales, Helotiales and Pleosporales, CDH-encoding sequences of a separate phylogenetic branch were found in sequenced genomes. The secretion of these class III CDHs has not yet been confirmed \[[@CR42], [@CR60], [@CR61]\]. The molecular architecture of CDHs from class I and II are slightly different. Whereas class I CDHs have supposedly a carbohydrate binding site on the DH~CDH~, class IIA CDHs carry a small C-terminal family 1 carbohydrate binding module (CBM1), which is missing in class IIB CDHs.

The widespread appearance of CDH in fungi and the fact that it constitutes a considerable fraction of the lignocellulolytic enzymes secreted by these fungi (0.5--12 %) implies that CDH has an important function in wood degradation \[[@CR62]\]. Recently the composition of lignocellulolytic enzyme cocktails and the up- and downregulation of single constituents were studied using transcriptomic and proteomic analyses \[[@CR63]--[@CR66]\]. Results from studies on the well-known ascomycete fungus *Neurospora crassa* and on the white-rot basidiomycete model organism *Phanerochaete chrysosporium* revealed that CDH genes are up-regulated during growth under cellulolytic conditions \[[@CR66]--[@CR68]\]. Important fungal producers of CDH are summarised in Table [1](#Tab1){ref-type="table"}. Table 1Production of CDH by fungiFungal producer of CDHPhylumVolumetric activity (U L^−1^)Activity assay^c^Reference*Phanerochaete chrysosporium*B66 (600^a^)Cellobiose, cyt *c*, pH 4.5\[[@CR139], [@CR140]\]*Pycnoporus cinnabarinus*B355Cellobiose, DCIP, pH 4.5\[[@CR141]\]*Sclerotium rolfsii*B7400 (15000^b^)Lactose, cyt *c*, pH 4.5\[[@CR69], [@CR142]\]*Trametes villosa*B580Lactose, cyt *c*, pH 3.5\[[@CR142]\]*Trametes versicolor*B2030Cellobiose, cyt *c*, pH 3.5\[[@CR143]\]*Ceriporiopsis subvermispora*B170Lactose, DCIP, pH 6.0\[[@CR70]\]*Thielavia heterothallica*A47Cellobiose, cyt *c*, pH 4.5\[[@CR144], [@CR145]\]*Corynascus thermophilus*A4000Lactose, DCIP, pH 5.0\[[@CR42]\]*Neurospora crassa*A100Lactose, DCIP, pH 5.5\[[@CR42]\]*Chaetomium* sp. INBI 2-26(−)A190Cellobiose, DCIP, pH 6.5\[[@CR146]\]*A* ascomycete, *B* basidiomycete, *DCIP* 2,6-dichloroindophenol^a^When supplemented with bovine calf serum^b^When using increased concentrations of peptone or certain amino acids^c^Activities can vary when using different assays based on other carbohydrate substrates (electron donors) and electron acceptors. The pH used in the assay is identical or close to the pH optimum

Structure and function {#Sec3}
======================

CDH is an extracellular fungal flavocytochrome (cellobiose:acceptor 1-oxidoreductase, EC 1.1.99.18) and is a monomeric protein consisting of two domains connected by a flexible linker of about 20 amino acids. The molecular mass ranges from 85 up to 101 kDa depending on the degree of glycosylation, which can account for up to 16 % of the molecular mass \[[@CR19], [@CR42], [@CR69], [@CR70]\]. The DH~CDH~ is a member of the glucose-methanol-choline oxidoreductase (GMC) family \[[@CR61], [@CR71]\]. The available structure of *P. chrysosporium* DH~CDH~ (PDB identifiers 1KDG and 1NNA \[[@CR36]\]) is peanut shaped with dimensions of 72 × 57 × 45 Å. The average molecular mass of DH~CDH~ is ∼60 kDa without glycosylation, which can contribute up to ∼10 % of the total mass. The isoelectric point of DH~CDH~ is low and varies for different enzymes but is usually around 5 \[[@CR60], [@CR72], [@CR73]\]. Oxidation of carbohydrates is catalysed by the non-covalently bound FAD cofactor in DH~CDH~. The CYT~CDH~ structure available from *P. chrysosporium* (PDB identifiers 1D7B and 1D7C \[[@CR35]\]) is formed by two ellipsoidal antiparallel β-sheets with dimensions of 47 × 36 × 47 Å. The average molecular mass is ∼22 kDa without glycosylation and the isoelectric point of the CYT~CDH~ is very low, around 3. The haem cofactor is coordinated by Met 65 and His 163. This unusual ligation of haem *b* in CYT~CDH~ causes a relatively low redox potential, which is about 100--160 mV vs. normal hydrogen electrode (NHE) at pH 7.0 \[[@CR62], [@CR74], [@CR75]\]. The N-terminal CYT~CDH~ is connected to DH~CDH~ via a flexible linker, which keeps the two domains in close contact and allows IET between them. Hence CDH can transfer reducing equivalents from an electron donor (e.g. cellobiose) via its two redox centres to different types of electron acceptors. Reoxidation of CDH can occur either directly at the (reduced) DH~CDH~ domain by transfer of reduction equivalents to a two-electron acceptor (e.g. quinones) or, alternatively, electrons can be sequentially shuttled from the reduced FAD to the haem *b* cofactor, followed by consecutive reduction of two one-electron acceptors (ferric iron complexes, cytochrome *c*) \[[@CR60], [@CR72], [@CR73]\].

Recently a novel electron acceptor for CDH was identified. The PMOs are copper-dependent carbohydrate active enzymes (CAZy) of family GH61, which can receive reducing equivalents from CDH and subsequently cleave cellulose by an oxidative mechanism. This interaction could be the key for the elucidation of the biological function of CDH and might end decades of speculation (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR38]--[@CR41]\].

Catalytic properties of CDH {#Sec4}
===========================

Preferred substrates of all CDHs are the β-1,4-linked di- and oligosaccharide breakdown products of cellulose---cellobiose or cellodextrins. Lactose has a very similar structure and is, although certainly not a natural substrate, also readily converted by CDHs \[[@CR60]\]. A slight difference is observed between class I CDHs, which strongly discriminate glucose turnover, whereas some class II CDHs can also oxidise other mono- and disaccharides although with lower catalytic efficiencies. This difference might be an adaption to different fungal habitats and substrates \[[@CR42], [@CR45]\]. Catalysis takes place in the active site of DH~CDH~, where two electrons and two protons are subtracted from the anomeric carbon atom of a substrate sugar residue in the reductive cycle, which results in a fully reduced FAD \[[@CR76]\]. In the oxidative cycle the FADH~2~ in the DH~CDH~ reduces electron acceptors such as 2,6-dichloroindophenol (DCIP), *o*- or *p*-benzoquinone and their derivatives, the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) cation radical, triiodide, strongly complexed iron ions, or oxygen. Alternatively, electrons can be donated to the haem *b*. Some electron acceptors like weakly complexed iron ions, cyt *c*, PMO and electrode surfaces depend on the action of the CYT~CDH~. Cyt *c* is one of only a few one-electron acceptors which solely act with CYT~CDH~ and therefore is a good tool to estimate the IET (Fig. [2](#Fig2){ref-type="fig"}). The pH plays an important role in this reaction cascade. In class I CDHs the catalytic reaction at the active site and IET work only under acidic pH conditions. In class II CDHs three different groups of CDH with different IET behaviours were distinguished according to their pH-dependent interaction with cyt *c*: acidic, intermediate or neutral/alkaline IET optima \[[@CR42]\] (Fig. [3](#Fig3){ref-type="fig"}). The same IET behaviour was found for these CDHs on polarised graphite electrodes \[[@CR45]\]. Fig. 2Electron transfer in CDH from the substrate to various terminal electron acceptors. One- and two-electron acceptors (EA) can be reduced directly by the FADH~2~ in the DH~CDH~. Alternatively, electrons can be transferred by IET to the haem *b* in the CYT~CDH~, which works as a relay for the reduction of macromolocular electron acceptors like PMO, cyt *c* or an electrodeFig. 3Comparison of pH profiles of basidiomycetous class I and ascomycetous class II CDHs. In the *left column* acidic class I CDH from *Ceriporiopsis subvermispora* (*Cs*CDH) is shown above CDH from *Trametes villosa* (*Tv*CDH) and *Phanerochaete chrysosporium* (*Pc*CDH). The *right column* shows class II CDHs from *Myriococcum thermophilum* (*Mt*CDH), *Hypoxylon haematostroma* (*Hh*CDH) and *Corynascus thermophilus* (*Ct*CDH) with intermediate and neutral pH optima. DCIP (*grey lines*) indicates the activity of DH~CDH~, whereas cyt *c* (*black lines*) is used to determine the pH dependency of the IET. For further information, see \[[@CR42], [@CR43], [@CR45]\]

Recombinant production of CDH {#Sec5}
=============================

Although many lignocellulose-degrading fungi produce CDH in reasonable amounts their cultivation and subsequent protein purification are difficult and time consuming. Therefore, several *cdh* genes have been cloned and expressed in recombinant expression hosts. Li et al. \[[@CR77]\] were the first to report recombinant expression of CDH by homologous overexpression of CDH in *P. chrysosporium*. The expression level was rather low (600 U L^−1^), cultivation time was long (9 days) and genetic manipulation was difficult and time consuming. Therefore, Yoshida et al. \[[@CR78]\] established the methylotrophic yeast *Pichia pastoris* as a heterologous expression system for *P. chrysosporium* CDH. Owing to the high reported expression levels, easy genetic manipulation and the ability of *Pichia* to perform eukaryotic post-translational modifications, it was used as an expression host for several basidiomyceteous and ascomeceteous CDHs during the following years (Table [2](#Tab2){ref-type="table"}). Additionally, two ascomeceteous CDHs from *Thielavia terrestris* and *Humicola insolens* were recombinantly expressed in a fungal system, viz. *Aspergillus oryzae* \[[@CR79], [@CR80]\]. Several attempts to express CDH in the bacterial expression system *Escherichia coli* failed because of the different post-translational modifications of the two domains. However, the expression of the DH~CDH~ of *P. chrysosporium* was recently reported \[[@CR81]\]. Table 2Recombinant production of CDH and DH~CDH~ by recombinant expression hostsFungal producer of CDHExpression hostVolumetric activity (U L^−1^)Activity assayReference*Phanerochaete chrysosporiumP. chrysospor.*^a^600Cellobiose, cyt *c*, pH 4.5\[[@CR77]\]*Phanerochaete chrysosporiumP. pastoris*1800Cellobiose, cyt *c*, pH 4.5\[[@CR78]\]*P. chrysosporium* DH~CDH~*E. coli*733^b^Cellobiose, DCIP, pH 5.0\[[@CR81]\]*Pycnoporus cinnabarinusP. pastoris*7800Cellobiose, DCIP, pH 5.0\[[@CR147]\]*Trametes versicolorP. pastoris*5218Cellobiose, cyt *c*, pH 4.2\[[@CR148]\]*Myriococcum thermophilumP. pastoris*2150Lactose, DCIP, pH 5.0\[[@CR82]\]*Neurospora crassa* (CDH IIA)*P. pastoris*1700Lactose, DCIP, pH 5.0\[[@CR62]\]*Neurospora crassa* (CDH IIB)*P. pastoris*410Lactose, DCIP, pH 5.0\[[@CR62]\]*Corynascus thermophilusP. pastoris*376Lactose, DCIP, pH 5.5\[[@CR75]\]*Thielavia terrestrisA. oryzae*NGCellobiose, DCIP, pH 6.0\[[@CR79]\]*Humicola insolensA. oryzae*NGCellobiose, DCIP, pH 7.0\[[@CR80]\]*NG* data not given^a^Homologous overexpression^b^Value refers to cell-free extract after cell disruption and not to cultivation volume

The advantages of recombinant protein expression are a fast, reliable and efficient enzyme production and the possibility to generate genetically engineered enzymes. However, some drawbacks have to be considered. A sub-stoichiometric occupation of the catalytic sites with the cofactor FAD in *C. thermophilus* CDH results in a generally lower specific activity of CDHs expressed in *P. pastoris* \[[@CR75]\]. The fact that *Pichia* and *Aspergillus* produce several glycoforms of the recombinant protein results in an inhomogeneous enzyme preparation in respect to molecular mass and degree of glycosylation. Depending on the cultivation conditions and employed media a varying amount of proteolytically cleaved DH~CDH~ appears during purification \[[@CR75], [@CR82]\].

Direct electron transfer {#Sec6}
========================

The electron transfer pathways between the DH~CDH~ and an electrode can occur in principle along three different routes as illustrated in Figs. [2](#Fig2){ref-type="fig"} and [4](#Fig4){ref-type="fig"}. In the first reaction the sugar substrate, an aldose, is oxidised at the C1 position (only the β-anomer is a substrate for CDH) into its corresponding lactone and concurrently the FAD in the active site of the DH~CDH~ is fully reduced to FADH~2~-DH~CDH~, reaction ([1](#Equ1){ref-type=""}): $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mathrm{aldose}+\mathrm{FAD}-\mathrm{D}{{\mathrm{H}}_{\mathrm{CDH}}}\to \mathrm{lactone}+\mathrm{FAD}{{\mathrm{H}}_2}-\mathrm{D}{{\mathrm{H}}_{\mathrm{CDH}}} $$\end{document}$$The reoxidation of FADH~2~-DH~CDH~ can be accomplished by a 2e^−^, 2H^+^ acceptor such as quinone (Q) or an equivalent aromatic redox compound according to reaction ([2](#Equ2){ref-type=""}): $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mathrm{FAD}{{\mathrm{H}}_2}-\mathrm{D}{{\mathrm{H}}_{\mathrm{CDH}}}+\mathrm{Q}\to \mathrm{FAD}-\mathrm{D}{{\mathrm{H}}_{\mathrm{CDH}}}+\mathrm{Q}{{\mathrm{H}}_2} $$\end{document}$$The reduced quinone, QH~2~, will be reoxidised at the electrode if the applied potential (*E*~app~) is set higher than the formal potential of the Q/QH~2~ redox couple, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\text{E}}_{{{{{\text{Q}}} \left/ {{{\text{Q}}{{\text{H}}_{{\text{2}}}}}} \right.}}}^{{{\text{o}}\prime }} $$\end{document}$, reaction ([3](#Equ3){ref-type=""}): Alternatively, a 1e^−^, non-H^+^ acceptor, e.g. an Os^3+^ complex (Os^3+^), accepts the electrons sequentially from the FADH~2~-DH~CDH~, whereby Os^2+^ complex (Os^2+^) and the enzyme-stabilised semiquinone of the bound FAD, FADH•^-^DH~CDH~, are formed in reaction ([4](#Equ4){ref-type=""}): $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mathrm{FAD}{{\mathrm{H}}_2}-\mathrm{D}{{\mathrm{H}}_{\mathrm{CDH}}}+\mathrm{O}{{\mathrm{s}}^{3+ }}\to \mathrm{FAD}\mathrm{H}\cdot -\mathrm{D}{{\mathrm{H}}_{\mathrm{CDH}}}+\mathrm{O}{{\mathrm{s}}^{2+ }}+{{\mathrm{H}}^{+}} $$\end{document}$$This reaction is then followed by the second electron transfer to a second Os^3+^, whereby the fully oxidised DH~CDH~ is regained, reaction ([5](#Equ5){ref-type=""}): $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mathrm{FAD}\mathrm{H}\cdot -\mathrm{D}{{\mathrm{H}}_{\mathrm{CDH}}}+\mathrm{O}{{\mathrm{s}}^{3+ }}\to \mathrm{FAD}-\mathrm{D}{{\mathrm{H}}_{\mathrm{CDH}}}+\mathrm{O}{{\mathrm{s}}^{2+ }}+{{\mathrm{H}}^{+}} $$\end{document}$$Fig. 4Electron transfer between both CDH domains and the terminal electron acceptor. DET depends on CYT~CDH~ as an electron shuttle, whereas MET (*blue spheres* indicate soluble mediators or polymeric redox centres) transfers electrons directly from DH~CDH~ to the electrode surface

The two Os^2+^ formed will be reoxidised at the electrode if *E*~app~ is set higher than the formal potential of the Os^3+/2+^ redox couple, $\documentclass[12pt]{minimal}
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Finally the last electron will be transferred from the CYT~CDH~ to a second 1e^−^ acceptor molecule, reaction ([9](#Equ9){ref-type=""}): $$\documentclass[12pt]{minimal}
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When CDH is immobilised on the electrode surface and in the absence of any competing e^−^ acceptors, the reoxidation of the reduced enzyme can be summarised as follows, reaction ([10](#Equ10){ref-type=""}): $$\documentclass[12pt]{minimal}
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It is basically the DET properties of CDH that form the basis for the bioelectrochemical interest in this redox enzyme, ever since it was first documented \[[@CR83]\]. The rather strict selectivity of the originally investigated class I basidiomycete CDHs for cellodextrins and lactose \[[@CR60], [@CR84]\] mainly found application in lactose biosensors for the dairy industry \[[@CR55], [@CR58], [@CR85]\] or cellobiose biosensors that can be used to follow cellulose hydrolysis caused by cellulose-hydrolysing enzymes \[[@CR54], [@CR86]\]. However, when it was realised that the recently discovered ascomycete CDHs (class IIA and IIB) could also have high turnover rates for glucose (and a series of other mono- and oligosaccharides) and especially at neutral pH values (in contrast to class I CDHs that work best under slightly acidic conditions) an increased interest in CDH for application in biosensors and biofuel cells appeared \[[@CR30], [@CR42], [@CR44], [@CR49]--[@CR51], [@CR56], [@CR57], [@CR87]--[@CR92]\].

Optimisation of direct electron transfer {#Sec7}
========================================

Two approaches are used to optimise DET currents from CDH to electrodes. The first approach is based on new electrode materials, nanostructures and chemically modified electrode surfaces to either enhance the effective surface area available for CDH binding, or to increase the DET rate by suitable orientation of the enzyme on the surface. The second, biochemical approach uses modifications of the enzyme or the reaction cascade to increase the current of CDH-based electrodes. The following sections investigate the published work in the area of direct CDH/electrode interaction.

Novel nanostructures {#Sec8}
--------------------

The desire to increase the current density of bioelectrodes based on DET has led to the construction and use of nanostructured architectures so that a higher loading of the redox enzyme and a higher probability of correct orientation for DET can be obtained. Both the use of nanostructures based on the drop-casting deposition technique of nanomaterials such as single-walled carbon nanotubes (SWCNTs) \[[@CR47], [@CR89]--[@CR91]\] (Ortiz et al. submitted) \[[@CR93]\] or gold nanoparticles (AuNPs) \[[@CR48], [@CR49], [@CR51]\] onto the electrode surface of Au, glassy carbon or graphite electrodes, as well as prefabricated carbon nanotube (CNT)-modified screen-printed electrodes \[[@CR55], [@CR57], [@CR58]\] has been used and in all instances the use of nanomaterials resulted in an improved current density. An overview of the nanostructured materials used is presented in Table [3](#Tab3){ref-type="table"}. For all the nanomaterials and immobilisation techniques tested only bioelectrocatalysis from CYT~CDH~ was observed. Table 3Nano- and surface modifications of CDH-based electrodesElectrode nanomodificationModification methodETSurface modificationSurface functionalityMeasurement methodpH and substrate concentrationCurrent density (μA cm^−2^)ReferenceGC + SWCNTs; *Ps*CDHDrop-castingDET*p*-PhenylenediamineNH~2~CV; 1 mV s^−1^3.5, 5 mM lactose500\[[@CR47]\]GC + SWCNTs; *Ps*CDHDrop-castingDET*p-*Aminobenzoic acidCOOHCV; 1 mV s^−1^4.5, 5 mM lactose150\[[@CR47]\]Au + AuNP; *Pc*CDHDrop-castingDETATP/MP + GAOHCV; 2 mV s^−1^4.5, 10 mM lactose4.0\[[@CR48]\]Au + AuNP; *Pc*CDHDrop-castingDETATP/MBA + GACOOHCV; 2 mV s^−1^4.5, 10 mM lactose29.3\[[@CR48]\]Au + AuNP; *Pc*CDHDrop-castingDETMUNH~2~/MUOH + GAOHCV; 2 mV s^−1^4.5, 10 mM lactose11.6\[[@CR48]\]Au + AuNP; *Pc*CDHDrop-castingDETMUNH~2~/MUA + GACOOHCV; 2 mV s^−1^4.5, 10 mM lactose15.2\[[@CR48]\]SPCE + MWCNT; *Tv*CDHDrop-castingDETCOOH-functionalised MWCNTCOOHFIA4.5, 0.1 mM lactose0.08\[[@CR55]\]SPCE + MWCNT; *Ps*CDHDrop-castingDETCOOH-functionalised MWCNTCOOHFIA4.5, 10 mM lactose0.5\[[@CR55]\]SPCE + MWCNT; *Ps*CDHDrop-castingDETCOOH-functionalised MWCNT and GA or PEDGDECOOHFIA4.5, 10 mM lactose5.6\[[@CR55]\]GE + CNP; *CsCDH*Drop-castingDETNoneNot studiedCV; 2 mV s^−1^4.5, 50 mM lactose297 deglycosylated enzyme ; 240 glycosylated enzyme\[[@CR94]\]Au + SiNP + cyt *c; Tv*CDHLbL (4 layers)DETCOOH-functionalised SiNP40 nm particlesCV; 5 mV s^−1^3.5, 5 mM lactose4 nA^a^ deglycosylated enzyme\[[@CR52]\]Au + SiNP + cyt *c Tv*CDHLbL (4 layers)DETCOOH-functionalised SiNP20 nm particlesCV; 5 mV s^−1^4.5, 5 mM lactose28 nA^a^ deglycosylated enzyme; 6 nA^a^ glycosylated enzyme\[[@CR52]\]Au + SiNP + cyt *c; Tv*CDHLbL (4 layers)DETCOOH-functionalised SiNP15 nm particlesCV; 5 mV s^−1^5.5, 5 mM lactose9 nA^a^ deglycosylated enzyme\[[@CR52]\]Au + SiNP + cyt *c; Tv*CDHLbL (4 layers)DETCOOH-functionalised SiNP5 nm particlesCV; 5 mV s^−1^6.5, 5 mM lactose8 nA^a^ deglycosylated enzyme\[[@CR52]\]GE + SWCNT *Ps*CDHDrop-castingDETPEGDGENot studiedFIA5.3, 10 mM lactose19.15\[[@CR90]\]GE + SWCNT; *Ps*CDHDrop-castingDETPEGDGENot studiedCV; 1 mV s^−1^4.5, 5 mM lactose90\[[@CR90]\]GE + SWCNT; *Pc*CDHDrop-castingDETPEGDGENot studiedFIA5.3, 10 mM lactose6.84\[[@CR90]\]GE + SWCNT; *Tv*CDHDrop-castingDETPEGDGENot studiedFIA5.3, 10 mM lactose4.78\[[@CR90]\]GE + SWCNT; *Sr*CDHDrop-castingDETPEGDGENot studiedFIA5.3, 10 mM lactose1.36\[[@CR90]\]GE + SWCNT + CDH; *Ps*CDHDrop-castingDETCo-immobilisation with CNTsNot studiedCV; 1 mV s^−1^3.5, 100 mM lactose68\[[@CR93]\]GE + SWCNT + CDH; *Ps*CDHDrop-castingDETCo-immobilisation with CNTsNot studiedLSV; 1 mV s^−1^4.0, 100 mM lactose61.8\[[@CR93]\]GE + SWCNT + CDH; *Ps*CDHDrop-castingDETCo-immobilisation with CNTsNot studiedLSV; 1 mV s^−1^4.5, 100 mM lactose58\[[@CR93]\]GE + SWCNT + CDH; *Ps*CDHDrop-castingDETCo-immobilisation with CNTsNot studiedLSV; 1 mV s^−1^5.0, 100 mM lactose45\[[@CR93]\]GE + SWCNT + CDH; *Ps*CDHDrop-castingDETCo-immobilisation with CNTsNot studiedLSV; 1 mV s^−1^5.5, 100 mM lactose30\[[@CR93]\]GE + SWCNT + CDH; *Ps*CDHDrop-castingDETCo-immobilisation with CNTsNot studiedLSV; 1 mV s^−1^6.0, 100 mM lactose13\[[@CR93]\]GE + SWCNT + CDH; *Ps*CDHDrop-castingMETCo-immobilisation with CNTs + PEGDGENot studiedLSV; 0.2 mV s^−1^3.5, 100 mM lactose300\[[@CR93]\]GE + SWCNT + CDH; *Ps*CDHDrop-castingMETCo-immobilisation with CNTs + PEGDGENot studiedLSV; 0.2 mV s^−1^4.0, 100 mM lactose500\[[@CR93]\]GE + SWCNT + CDH; *Ps*CDHDrop-castingMETCo-immobilisation with CNTs + PEGDGENot studiedLSV; 0.2 mV s^−1^4.5, 100 mM lactose650\[[@CR93]\]GE + SWCNT + CDH; *Ps*CDHDrop-castingMETCo-immobilisation with CNTs + PEGDGENot studiedLSV; 0.2 mV s^−1^5.0, 100 mM lactose700\[[@CR93]\]GE + SWCNT + CDH; *Ps*CDHDrop-castingMETCo-immobilisation with CNTs + PEGDGENot studiedLSV; 0.2 mV s^−1^6.0, 100 mM lactose700\[[@CR93]\]Au + AuNP; *Ct*CDHDrop-castingDETATP/MBA + GAOHLSV; 2 mV s^−1^7.4, 5 mM lactose; 100 mM glucose40; 26\[[@CR49]\]Au + AuNP; *Ct*CDHDrop-castingDETATP/MBA + GAOHLSV 2 mV s^−1^7.4, 5 mM glucose7.5\[[@CR51]\]SPCE + SWCNT; *Ct*CDHDrop-castingDETPEDGDENot studiedFIA7.4, 300 mM glucose18.41\[[@CR57]\]SPCE + MWCNT; *Ct*CDHDrop-castingDETPEDGDENot studiedFIA7.4, 300 mM glucose15.58\[[@CR57]\]GE + SWCNT; *Mt*CDHDrop-castingDETPEGDGENot studiedFIA5.3, 10 mM lactose6.16\[[@CR89]\]GE + SWCNT; *Mt*CDHDrop-castingDETPEGDGENot studiedLSV; 1 mV s^−1^4.5, 100 mM lactose5\[[@CR89]\]GE + SWCNT; *Mt*CDHDrop-castingMETOs-polymer + PEGDGENot studiedLSV; 1 mV s^−1^3.5, 100 mM lactose68.4\[[@CR89]\]GE + SWCNT; *Mt*CDHDrop-castingMETOs-polymer + PEGDGENot studiedLSV; 1 mV s^−1^4.5, 100 mM lactose102.6\[[@CR89]\]GE + SWCNT; *Mt*CDHDrop-castingMETOs-polymer + PEGDGENot studiedLSV; 1 mV s^−1^6.0, 100 mM lactose205\[[@CR89]\]GE + SWCNTDrop-castingMETOs-polymer + PEGDGENot studiedLSV; 1  mV s^−1^7.0, 100 mM lactose465\[[@CR89]\]GE + SWCNT; *Mt*CDHDrop-castingMETOs-polymer + PEGDGENot studiedCV; 1  mV s^−1^8.0, 100 mM lactose800\[[@CR89]\]GE + SWCNT; *Mt*CDHDrop-castingMETOs-polymer + PEGDGENot studiedCV; 1 mV s^−1^7.4, 100 mM lactose; 50 mM glucose450; 100\[[@CR89]\]GC + SWCNTs; *Ct*CDHDrop-castingDET*p-*Aminobenzoic acidCOOHCV; 1 mV s^−1^7.4, 10 mM lactose; 50 mM glucose30; 15(Ortiz et al. submitted)GC + SWCNTs; *Ct*CDHDrop-castingDETAnilineNoneCV; 1 mV s^−1^7.4, 10 mM lactose; 50 mM glucose21; 9(Ortiz et al. submitted)GC + SWCNTs; *Ct*CDHDrop-castingDET*p*-PhenylenediamineNH~2~CV; 1 mV s^−1^7.4, 10 mM lactose; 50 mM glucose25; 13(Ortiz et al. submitted)GC + SWCNTs; *Ct*CDHDrop-castingDET*p*-Phenylenediamine + GANH~2~CV; 1 mV s^−1^7.4, 10 mM lactose; 50 mM glucose43; 21(Ortiz et al. submitted)GC + SWCNTs; *Ct*CDHDrop-castingDET*N*,*N*-Diethyl-*p*-phenylenediamine*N*-(*N*,*N*)-DiethylCV; 1 mV s^−1^7.4, 10 mM lactose; 50 mM glucose16; 8(Ortiz et al. submitted)GC + SWCNTs; *Ct*CDHDrop-castingDET*p-*AminophenolOHCV; 1 mV s^−1^7.4, 10 mM lactose; 50 mM glucose23; 14(Ortiz et al. submitted)GC + SWCNTs; *Ct*CDHDrop-castingDETNot usedNot studiedCV; 1 mV s^−1^7.4, 10 mM lactose; 50 mM glucose8; 4(Ortiz et al. submitted)*GC* glassy carbon, *GE* graphite electrode, *SPCE* screen-printed carbon electrodes, *SWCNT* single-walled carbon nanotubes, *MWCNT* multi-walled carbon nanotubes, *AuNP* gold nanoparticles, *SiNP* silica nanoparticles, *ET* electron transfer, *NA* not applicable, *LbL* layer by layer, *PEGDGE* polyethyleneglycol diglycidyl ether, *GA* glutaraldehyde, *CV* cyclic voltammetry, *MUOH* 11-mercapto-1-undecanol, *MUA* 11-mercapto-1-undecanoic acid, *MUNH*~*2*~ mercapto-1-undecamine, *ATP* 4-aminothiophenol, *MP* 4-mercaptophenol, *MBA* 4-mercaptobenzoic acid^a^Area of the electrode was not given*FIA* results obtained through *flow injection analysis* with the CDH modified electrode mounted in a flow through amperometric cell and the maximum current response was followed after injection of a substrate containing sample volume*LSV* results obtained with the CDH modified electrode investigated with *linear sweep voltammetry* taken the response value as the voltammetric peak current

Carbon-based nanomaterials {#Sec9}
--------------------------

Initial investigations with various CDHs on SWCNT- or MWCNT-modified electrodes were based on direct adsorption of CDH on the nanomodified surface \[[@CR55], [@CR57], [@CR89], [@CR90], [@CR93]\]. These studies used oxidatively shortened SWCNTs, kept as a suspension in water, without previous modification or commercially available screen-printed electrodes with MWCNT or SWCNT. No previous or further functionalisation of the nanomaterial was done and only in some of the studies was a cross-linker, i.e. polyethyleneglycol diglycidyl ether (PEGDGE) or glutaraldehyde (GA), was used in a following step to stabilise the enzyme--nanoparticle layer on the electrode surface. For screen-printed electrodes the use of a cross-linker increased the electrocatalytical currents in the presence of substrate by one order of magnitude for *T. villosa* and *Phanerochaete sordida* CDH-modified MWCNT screen-printed electrodes possibly owing to dissolution of certain components in the paste, thereby exposing a higher surface area for electric communication with the immobilised CDH \[[@CR55]\]. In the scope of this type of non-further functionalisation of the carbon nanomaterial, Ortiz et al. \[[@CR94]\] increased the specific surface area by drop-casting carbon nanoparticles (CNPs) with a diameter of 27 nm onto graphite electrodes, which increased the electrocatalytical current by 350 times for deglycosylated *Ceriporiopsis subvermispora* CDH (297 μA cm^−2^) and more than 500 times for glycosylated *C. subvermispora* CDH (240 μA cm^−2^), see Table [3](#Tab3){ref-type="table"}.

Gold nanoparticles and nanomaterials {#Sec10}
------------------------------------

Drop-casting of citrate-stabilised AuNPs with a diameter of 19 nm onto the surface of Au disk electrodes \[[@CR95]\] was used in combination with mixed self-assembled thiol monolayers (SAMs), onto which *P. chrysosporium* CDH \[[@CR48]\] or *C. thermophilus* CDH \[[@CR49], [@CR51]\] was covalently attached. The mixed SAM featured different thiols with amino, carboxy or hydroxyl head groups. The bifunctional cross-linker GA was used to form covalent bonds between the amino-terminated thiols and lysine residues on the enzyme. Cyclic voltammetry (CV) showed clear redox waves in the absence of substrate for all mixed SAMs tested and the heterogeneous electron transfer constant, *k*~s~, could be calculated. An enhancement of the electrocatalytical activity of *P. chrysosporium* CDH of up to 75 times was achieved by this technique \[[@CR48]\]. The procedure has been used further to prepare glucose/O~2~ biofuel cell anodes using *C. thermophilus* CDH as the bioelement, in combination with cathodes based on adsorbed bilirubin oxidase (BOx) on AuNP-modified Au disks and nanowires \[[@CR49], [@CR51]\] (Table [3](#Tab3){ref-type="table"}).

Layer-by-layer nanostructures {#Sec11}
-----------------------------

A different approach to achieve higher currents was taken by Lisdat et al., who, on the basis of previous work combining cyt *c* modified electrodes with CDH \[[@CR96]\] and other redox enzymes \[[@CR97]--[@CR100]\], constructed a supramolecular structure using a layer-by-layer (LbL) immobilisation technique combining alternate layers of silica nanoparticles (SiNPs) and a mixture of *Tv*CDH and cyt *c* (Fig. [5](#Fig5){ref-type="fig"}) \[[@CR52]\]. Various numbers of layers, i.e. 1, 2, 3 and 4, were investigated using both native glycosylated and also deglycosylated *Tv*CDH; the deglycosylated CDH yielded higher currents. The optimal SiNP particle size was 20 nm \[[@CR52]\]. An LbL assembly technique was used. First a mixed SAM of MUA/MUOH was used to coat the Au surface and then SiNPs were adsorbed on the partially negatively charged surface, and finally a mixture containing *Tv*CDH and cyt *c* was added and the nanostructure was built up to four layers \[[@CR52]\]. The same type of alkanethiol mixture was used to adsorb cyt *c* on a SAM of MUOH/MUA on gold wires. The bioelectrochemistry in the presence and the absence of substrate was studied for solutions of *Tv*CDH and *Ct*CDH using this cyt *c* electrode; significantly, a shift of the optimal pH for electrocatalysis of cellobiose was observed using this approach \[[@CR53]\]. Fig. 5Schematic representation of a supramolecular \[SiNP/CDH **·** cyt *c*\] architecture prepared on a cyt *c* monolayer electrode (M). The cyt *c* monolayer is assembled on a mixed thiol layer (MUOH/MUA). The layer by layer structure is \[SiNPs/CDH **·** cyt *c*\]~n~ (*n* = 1, 2, 3, 4), where *n* indicates the number of layers of SiNPs/CDH **·** cyt *c*. Reproduced from \[[@CR52]\] with permission from The American Chemical Society

### Derivatisation of electrode surfaces {#Sec12}

In the last few years functionalised SWCNTs have been tested in combination with CDH. It is established that the charge of the surface where CDH is immobilised has a strong effect on the electrochemistry of CDH. Investigations on different SAMs showed a strong effect of the functional group of the used thiol on the efficiency of the electrochemistry of CDH \[[@CR44], [@CR101]--[@CR104]\]. Using the aryl amines *p*-phenylenediamine (NH~2~-PD) or *p*-aminobenzoic acid (COOH-PD) for diazonium activation of the electrode surface, Tasca et al. \[[@CR47]\] introduced amino or carboxylic groups, respectively, onto the SWCNTs previously drop-cast on glassy carbon electrodes. In the final step *Phanerochaete sordida* CDH, belonging to the class I CDHs, was adsorbed onto the modified electrode, where the positively charged --NH~2~ functionalised surface or the negatively charged --COOH functionalised surface at the actual pH was used during CV measurements. For the --NH~2~ functionalised surface a current density of 500 μA cm^−2^ was obtained in the presence of 5 mM lactose, which is the highest current density observed for any CDH-modified electrode based on DET (Fig. [6](#Fig6){ref-type="fig"}). For the --COOH functionalised SWCNTs a current density of ∼150 μA cm^−2^ was obtained. The increased current density of the --NH~2~ modified surface was attributed to a better orientation of the mainly negatively charged *P. sordida* CDH (isoelectric point = 5.7) on the electrode. A similar modification procedure using a larger range of diazonium salts on SWCNTs drop-cast on GC was performed by (Ortiz et al. submitted), but in this case using the class II *C. thermophilus* CDH, which gave current densities of up to 25 μA cm^−2^ in the presence of 50 mM glucose. Fig. 6**a** CV of a *P. sordida* CDH COOH-PD/SWCNT-GC electrode in the presence of 5 mM lactose (*red dashed line*) and in the absence of substrate (*black line*) at pH 4.5. **b** CV of a *P. sordida* CDH NH~2~-PD/SWCNTs-GC electrode in the presence of 5 mM lactose (*red dashed line*) and in the absence of substrate (*black line*) at pH 3.5. Scan rate 1 mV s^−1^. Reproduced from \[[@CR47]\] with permission from The American Chemical Society

### Thiol-modified gold electrodes {#Sec13}

Reports on facile electrochemistry of CDH trapped between a gold electrode modified with a thiol-based SAM and covered with a permselective membrane have appeared since the beginning of the 1990s \[[@CR87], [@CR101]--[@CR104]\]. When such electrodes were investigated by CV they revealed clear non-turnover DET between the haem *b* cofactor of the CYT~CDH~ in the absence of substrate, whereas in the presence of substrate a clear catalytic current was observed. The interaction between CDH and the thiol-based SAM-modified electrode results in facile electrochemistry which is governed by a combination of different effects: (i) hydrophilic/hydrophobic interactions between the SAM and the enzyme that control the orientation on the electrode surface, e.g. interactions between the CDH cellulose binding domain with --OH terminated alkanethiols, as the cellulose binding domain has a strong affinity for naturally occurring hydroxyl groups present on cellulose \[[@CR60]\], but also electrostatic interactions between oppositely charged SAMs and the surface of the enzyme; (ii) a dependency of the rate of ET on the distance between the electrode and the enzyme, described by the Marcus theory \[[@CR105], [@CR106]\]; and (iii) the compactness of the SAM, e.g. a densely packed SAM will slow down ET with the electrode.

Recently a series of investigations were performed on the interaction between various CDHs on gold and AuNP-modified solid gold electrodes \[[@CR44], [@CR48], [@CR49], [@CR51], [@CR94]\]. In one study the effect of mutations close to the active site of study two different class II CDHs was investigated (Ortiz et al. submitted). In another study two class I CDHs were investigated \[[@CR94]\], the focus being the effect of glycosylation/deglycosylation on the efficiency of DET. An exhaustive electrochemical investigation was performed on a number of class II CDHs (*Neurospora crassa*, *C. thermophilus*, *Humicola insolens*) and variants for improved glucose oxidation of *C. thermophilus* and *H. insolens* CDH using different aliphatic and aromatic thiols with varying head group functionalities (−NH~2~, --COOH and --OH) and varying spacer lengths (2, 6 and 11 carbons) or a phenyl group \[[@CR44]\] (Ortiz et al. submitted). For all CDHs tested electrodes with SAMs based on --OH functionalised thiols exhibited high electrocatalytical currents. In the case of *N. crassa* CDH the electrocatalytical currents became higher and the separation between the anodic and cathodic peak potentials (Δ*E*~p~) of the CYT~CDH~ decreased when the --OH functionalised alkanethiol increased in length (Fig. [7](#Fig7){ref-type="fig"}) \[[@CR44]\]. For *C. thermophilus* CDH the effect was the opposite and even more pronounced (Ortiz et al. submitted). *H. insolens* CDH showed in general small and poorly defined catalytical currents, but quasi-reversible CVs. The highest electrocatalytical responses for *H. insolens*, *N. crassa* and *C. thermophilus* CDH were found for mercaptohexanol, mercaptobenzoic acid and mercaptoethanol-based SAMs, respectively. *N. crassa* CDH also showed catalytic currents and a small Δ*E*~p~ for the thiols containing a phenyl group as spacer. On the other hand *C. thermophilus* CDH showed poor electrochemistry with such thiols. In another recent paper the electrochemistry of *P. chrysosporium* CDH was compared using four different thiols with --OH and --COOH head groups and different spacers \[[@CR48]\]. In accordance with previous reports, the highest electrocatalytical currents for this class I CDH was found for mercaptoundecanol (MUOH). Interestingly, a lower current density was found for the equivalent thiol having a --COOH functionality (mercaptundecanoic acid, MUA). The reason could be electrostatic repulsion between the negatively charged CDH and the --COO^−^ group. Harreither et al. \[[@CR45]\] studied the *E*°′ and the electrocatalytical activity of *C. thermophilus* CDH using thioglycerol at different pHs. The formal potential found, 100 mV vs. NHE, is the lowest reported so far for all investigated class II CDHs \[[@CR45]\]. It can be concluded that the choice of the thiol is critical. Clear effects of the spacer length and the functional head group are observed. Fig. 7Voltammetric responses of Au-mixed monolayer based SAM-*Neurospora crassa* CDH modified electrodes in absence (*dashed line*) and in presence (*solid line*) of 5 mM lactose. Experimental conditions: scan rate, 10 mV/s; supporting electrolyte, 50 mM citrate buffer pH 5.5. Reproduced from \[[@CR44]\] with permission from Revue Roumaine de Chimie (Roumanian Journal of Chemistry)

When native, glycosylated, and deglycosylated CDH from *P. chrysosporium* and *C. subvermispora*, denoted *Pc*CDH, dg*Pc*CDH and *Cs*CDH, dg*Cs*CDH, respectively, were tested on an MUOH-based SAM, a higher current density was found for dg*Cs*CDH than for *Cs*CDH, but for dg*Pc*CDH and *Pc*CDH a similar current density was found \[[@CR94]\]. The likely reason is that native *Cs*CDH is much more glycosylated than *Pc*CDH so that the effect of deglycosylation is more pronounced for *Cs*CDH.

### Mixed thiol SAMs {#Sec14}

Since the first bioelectrochemical studies on CDH in the late 1990s most studies have focused on the electrocatalytical activity. CV waves are not really observable on graphite electrodes modified with CDH owing to their high capacitive current. On the other hand, non-covalent interactions between CDH from different sources and gold electrodes or SAM-modified gold electrodes, and where the enzyme was retained behind a permselective membrane, has not shown stable electrochemical CV signals \[[@CR102]--[@CR104]\]. Efforts during recent years have focused on covalently immobilising CDH on alkanethiol-modified Au electrodes to avoid the usage of the permselective membrane \[[@CR74], [@CR102]--[@CR104]\]. Matsumura et al. \[[@CR48]\] compared immobilised CDH on four different SAMs based on two mixed thiols, where one of the head groups was --NH~2~ and the other --COOH or --OH. GA was used to cross-link *P. chrysosporium* CDH to the amino group of the SAM. Matsumura et al. \[[@CR48]\] used this approach to compare 11 different alkyl carbon chain based thiols as well as one incorporating a phenyl group as spacer and the head groups --OH with --COOH \[[@CR48]\]. The ratio of the alkanethiol mixture (1:50 v/v) and GA (0.25 %) was optimised. The optimal ratio of the mixture for deglycosylated *P. chrysosporium* CDH, which has a smaller radius than its glycosylated form, was 1:40. This suggests that the surrounding glycosyl residues and the radius of the CDH have an effect \[[@CR94]\]. This immobilisation protocol was also used in a 3D mesoporous structure created by drop-casting AuNPs on the surface of Au disk electrodes based on previous work by Murata et al. \[[@CR95]\]. The *k*~s~ values for AuNP/SAM/GA/*Pc*CDH were lower for the mixture of thiols having a phenyl spacer than those based on the 11-carbon alkane spacer. The rate-limiting step of the overall ET was the DET between the CYT~CDH~ and the electrode instead of the IET from DH~CDH~ to CYT~CDH~ as measured by stoped-flow experiments. An overview of the current densities and *k*~s~ values is given in Table [4](#Tab4){ref-type="table"}. Table 4Performance of *P. chrysosporium* CDH on mixed SAMsMixed SAMsPolycrystalline goldAuNPsSPR*J* (μA cm^−2^)*J* (μA cm^−2^)*E*°′ (mV)Δ*E* (mV)*k*~s~ (s^−1^)*Γ* (pmol mm^−2^)4-ATP/4-MP0.264.0161.714.759.85.794-ATP/4-MBA0.4029.3161.514.652.15.71MUNH~2~/MUOH0.3411.6161.814.7154.05.67MUNH~2~/MUA0.4915.2161.314.6112.05.65Current densities, *J*, surface coverage, Γ, *k*~s~ and *E*°′ for covalently attached CDH onto mixed SAMs. *J* for polycrystalline gold and AuNPs were obtained at 300 mV vs. NHE. Formal potentials, *E*°′, and peak separations, Δ*E*, at 0.2 V s^−1^*ATP* 4-aminothiophenol, *MP* 4-mercaptophenol, *MBA* 4-mercaptobenzoic acid, *MUNH*~*2*~ mercapto-1-undecamine, *MUOH* 11-mercapto-1-undecanol, *MUA* 11-mercapto-1-undecanoic acid, *SPR* surface plasmon resonance

The same immobilisation procedure was applied for immobilising *C. thermophilu*s CDH on AuNP-modified Au disk and Au wire electrodes \[[@CR49], [@CR51]\]. The optimum GA amount (1 %) was higher than when using planar disk electrodes (0.25 %) \[[@CR48]\], perhaps caused by the nanoparticle curvature but also because of using another CDH. A one-compartment mediator-less glucose/O~2~ biofuel cell (BFC) working under physiological conditions was established using such a bioanode based on *C. thermophilu*s CDH in combination with a biocathode based on BOx \[[@CR49]\]. The BFC had an open-circuit voltage of 0.68 V and a maximum power density of 15 μW cm^−2^ at a cell voltage of 0.52 V in phosphate buffer and an open-circuit voltage of 0.65 V and a maximum power density of 3 μW cm^−2^ at a cell voltage of 0.45 V in human blood. The estimated half-lives of the biodevices were greater than 12, less than 8 and less than 2 h in a sugar-containing buffer, human plasma and blood, respectively. The basic characteristics of mediator-less sugar/oxygen BFCs were significantly improved compared with previously designed biodevices \[[@CR50], [@CR87]\], because of the usage of 3D AuNP-modified electrodes.

### Influence of cations on the activity of CDH {#Sec15}

A screening of the influence of various metal cations on the activity of CDH was done in 1999 for the basidiomycete *Schizophyllum commune* in solution \[[@CR107]\]. The highest increase in cyt *c* activity by 8 % was caused by the presence of 2 mM Cu^2+^ and the highest decrease by 70 % was caused by the presence of 2 mM Ag^+^, thereby showing the ability of cations to modulate the activity of CDH. A further study with immobilised *P. chrysosporium* CDH on a spectrographic graphite electrode showed a 50 % increase in the catalytic current for lactose and cellobiose following the addition of 80 mM NaCl to the buffer \[[@CR108]\]. The molecular interactions behind this observation are unknown, but it was excluded that an increased CDH/electrode interaction was the reason.

Recently the influence of cations on the activity of two class II CDHs from *Myriococcum thermophilum* and *Humicola insolens* and one class I CDH from *P. chrysosporium* was investigated in more detail in solution and when immobilised on spectrographic graphite electrodes \[[@CR109]\]. When immobilised on the graphite electrode the DET current for *M. thermophilum* CDH was most tunable by addition of CaCl~2~ in the millimolar range and exhibited up to a fivefold increase in the catalytic currents (Fig. [8a](#Fig8){ref-type="fig"}). The DET current of *H. insolens* CDH-modified electrodes was enhanced fourfold, but for *P. chrysosporium* CDH only 2.4-fold. The exchange of CaCl~2~ by MgCl~2~ tuned the DET current in a similar manner. However, KCl had a much lower effect and enhanced DET currents by a maximum of twofold for *M. thermophilum* CDH. Activity assays based on cyt *c* were used to investigate the modulation of the IET of *M. thermophilum* and *H. insolens* CDH in solution. Similar dependencies of the cyt *c* activities on CaCl~2~ were observed as for the immobilised CDHs. The separately expressed DH~CDH~ from *H. insolens* showed no cyt *c* activity and no dependency on any added cations. Similarly, the DCIP activity of *H. insolens* DH~CDH~ was completely independent of added CaCl~2~ or KCl. It can be concluded that divalent cations increase either the interaction between the DH~CDH~ and CYT~CDH~ domains or between the CYT~CDH~ domain and the final electron acceptor, which can be cyt *c* or an electrode. Fig. 8Variation of response current (I) with the applied potential (E) of spectrographic graphite electrodes modified with *Myriococcum thermophilum* CDH (**a**, **c**) and optionally pre-modified with polyethylenimine (PEI) (**b**, **d**) in 50 mM sodium acetate buffer pH 5.5 (**a**, **b**) or 50 mM TRIS pH 8.0 (**c**, **d**) in the absence (*white squares*) or in the presence of 50 mM CaCl~2~ (*black squares*) with 5 mM lactose as substrate. The *inset* in **c** shows a magnification of the response curve

### Polyethylenimine as a promoter layer {#Sec16}

In analogy to the enhancing effect of CaCl~2~, a current-increasing effect of the branched polycation polyethylenimine (PEI) as a promoter layer was anticipated for the construction of CDH-modified biosensors. Beneficial effects have been shown in several publications covering, for example, cyt *c* on carbon electrodes \[[@CR110]\], the detection of NADH with phenoxazine derivative modified carbon paste electrodes \[[@CR111], [@CR112]\] and some other redox enzyme modified carbon paste electrodes \[[@CR113]--[@CR117]\] or improved electrochemistry of human sulfite oxidase on PEI-modified gold nanoparticles \[[@CR118]\]. In recent work the influence of PEI as a promoter layer on spectrographic graphite electrodes modified with *M. thermophilum* CDH was investigated. The pre-modification of a graphite electrode with PEI increased the maximal catalytic current from the oxidation of 3.75 mM lactose by around 13 times at pH 5.5 (pH optimum) and by around 87 times at pH 8.0 (Fig. [8](#Fig8){ref-type="fig"}). The modification with PEI also shifted the pH optimum from 5.5 to 8.0, which is interesting for biosensor applications measuring at human physiological pH (7.4). A further addition of 50 mM CaCl~2~ still shows enhancing effects, but is less pronounced in the presence of PEI. This indicates that PEI acts similarly to CaCl~2~. Another explanation would be an increased surface loading of *M. thermophilum* CDH on the PEI-modified electrode owing to strong electrostatic binding of CDH to PEI \[[@CR19]\].

Besides the enhancing effect of PEI on the catalytic currents, the CVs unexpectedly revealed two catalytic redox waves. One starting at −100 mV vs. Ag\|AgCl (0.1 M KCl) representing the expected ET from the CYT~CDH~ domain to the electrode \[[@CR74]\] and a second catalytic wave, most pronounced at pH 8.0 and starting at around 100 mV, which is visible even in the absence of PEI (Fig. [8c](#Fig8){ref-type="fig"}, inset). The origin of the second catalytic wave is unknown, but has been observed before for *P. chrysosporium* CDH \[[@CR108]\] and is currently under investigation. However, the enhancing effect of PEI is also clearly present at potentials below the second catalytic wave. Until now the beneficial effect of PEI was only observed for class II *M. thermophilum* CDH. The catalytic responses of class II *N. crassa* CDH and class I *P. chrysosporium* CDH could not be improved by the pre-modification of graphite electrodes with PEI. This is probably because the latter CDHs already have a more efficient DET and/or IET compared to that of *M. thermophilum* CDH \[[@CR43], [@CR88], [@CR119]\].

### Deglycosylation {#Sec17}

Deglycosylation of enzymes has been used to facilitate the electron transfer and even to achieve DET from deeply buried prosthetic groups of redox enzymes, even from deeply buried FAD in e.g. *Aspergillus niger* glucose oxidase (GOx) \[[@CR120]--[@CR123]\]. CDH is a glycoprotein that shows a glycosylation between 8 and 16 % \[[@CR19]\] depending on the organism used for expression. The carbohydrate chains are believed to stabilise the tertiary protein structure and increase the solubility of the protein molecule. A voluminous carbohydrate structure on the enzyme surface will act as an insulator for enzymes attached to electrodes \[[@CR120]\]. Opposed to what was found for GOx and pyranose dehydrogenase, deglycosylation of CDH did not result in any DET between the FAD in the DH~CDH~ domain and an electrode. However, the catalytic current densities increased two- to threefold in the presence of lactose, for deglycosylated *P. chrysosporium* (9 % glycosylated) and *C. subvermispora* CDH (16 % glycosylated) compared with their glycosylated counterparts when adsorbed on spectrographic graphite electrodes (Fig. [9](#Fig9){ref-type="fig"}) \[[@CR94]\]. The apparent Michaelis--Menten constant $\documentclass[12pt]{minimal}
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                \begin{document}$$K_{\text{M}}^{{\text{app}}} $$\end{document}$ for lactose was also found to decrease by two- to threefold for the deglycosylated CDHs compared to the glycosylated ones. When the enzymes were compared trapped under a permselective membrane and 11-mercaptoundecanol (MUOH) SAM-modified Au disk electrodes, glycosylated and deglycosylated *P. chrysosporium* CDH showed the same catalytic activity, whereas glycosylated and deglycosylated *C. subvermispora* CDH showed similar results to that obtained on spectrographic graphite electrodes, i.e. a much higher catalytic current was found when using the deglycosylated form. The *E*°′ for the deglycosylated CDH was found to shift up by ∼8 mV. In a different study glycosylated and deglycosylated *T. villosa* CDH were compared when immobilised on an LbL supramolecular architecture stabilised by electrostatic interaction between the layers. Au wire electrodes were first modified with a mixed monolayer of MUOH and MUA. Then successively alternating layers of carboxy-terminated SiNPs and a mixture of cyt *c* and *T. villosa* CDH were added and a supramolecular structure was built up to four bilayers. Using this technique, Feifel et al. \[[@CR52]\] found a maximum increase of seven times higher faradaic currents in the presence of lactose as substrate for the deglycosylated variant. The results suggest that the increase in current density is attributed to an increase in the amount of molecules packed on the electrodes, i.e. to a more compact packing of CDH on the electrode surface and in the layers. Fig. 9Dependence of the amperometric response on lactose concentration of **a** glycosylated *Phanerochaete chrysosporium* CDH (*squares*) and deglycosylated *P. chrysosporium* CDH (*circles*) and **b** glycosylated *Ceriporiopsis subvermispora* CDH (*squares*) and deglycosylated *C. subvermispora* CDH (*circles*) in acetate buffer (pH 4.5). The applied potential was +150 mV vs. Ag\|AgCl (0.1 M KCl) and the flow rate of the solution (pH 4.5) was 1 mL min^−1^. The results were obtained in a flow-injection system. Reproduced from \[[@CR94]\] with permission from The American Chemical Society

### Mediated electron transfer {#Sec18}

Even though a system based on DET is, from a fundamental point of view, more interesting than one based on MET, there are limitations to the current density that can be reached with DET. Even though it should be possible to immobilise multilayers of a redox enzyme with DET properties, it is expected that primarily only the innermost layer of enzyme molecules on the electrode surface will be able to electrochemically communicate with the electrode. However, through the use of nanostructured electrodes and with CDH oriented for improved DET \[[@CR47]--[@CR49]\] the current density can be largely increased compared with that obtained with conventional electrodes. Moreover, as DET between CDH and an electrode is obtained through the CYT~CDH~, which has an *E*°′ value much more positive than that of the FAD of the DH~CDH~ \[[@CR74], [@CR124]\], in a BFC anode based on MET using a mediator with an *E*°′ much lower than that of the CYT~CDH~ (and close to that of the DH~CDH~), both the power output and the current density can be largely improved \[[@CR89], [@CR91], [@CR93], [@CR125]\]. An overview of MET approaches with CDH was given in 2010 \[[@CR19]\]. Since then mainly two directions have been followed. The first is the combination of CDH with cyt *c* as a mediator in an LbL approach, as discussed separately above. The second is the further development and application of osmium polymers, which were first applied together with CDH as early as 1992 \[[@CR126]\] on the basis of the work by Heller and co-workers \[[@CR127], [@CR128]\]. Similar to the use of other sugar-oxidising redox enzymes in biosensors and biofuel cells \[[@CR129]--[@CR136]\], the "wiring" of various CDHs with Os-redox polymers accepting electrons direct from the DH~CDH~ is very promising for obtaining high current densities at low potentials \[[@CR46], [@CR90], [@CR91], [@CR93], [@CR125]\]. During the last few years particular focus was given to electrodeposited Os-polymers (Os-EDPs), which contain, in addition to the polymeric backbone and the redox-active Os-complex, either one or more COO^−^ or NH~3~^+^ groups. Deposition of those polymers is achieved by local changes of the pH at the electrode surface caused by either electrolysis or change of buffer, resulting in discharged and insoluble Os-polymers that precipitate on the electrode surface. Schuhmann and co-workers \[[@CR125], [@CR137]\] synthesised and investigated 50 different Os-EDPs having redox potentials ranging from −430 to +667 mV vs. Ag\|AgCl. Os-polymer-mediated electron transfer was shown for CDH, glucose oxidase and PQQ-dependent glucose dehydrogenase suitable for biofuel cell anodes and for laccase and BOx suitable for corresponding cathodes \[[@CR125], [@CR137]\]. In a recent paper a bi-enzyme bioanode modified with an Os-DEP, the separate DH~CDH~ of *C. thermophilus* and pyranose dehydrogenase (PDH) from *Agaricus meleagris* were investigated for the multiple oxidation of glucose \[[@CR46]\]. As CDH oxidises its substrate at the C1 it is only possible to gain two electrons per substrate molecule. However, if CDH is combined with PDH it is possible to obtain up to six electrons per substrate molecule, as PDH oxidises the sugar substrate at either C2 or C3 or both and the product when the substrate is oxidised by CDH is a substrate for PDH and vice versa. Figure [10](#Fig10){ref-type="fig"} outlines how glucose can be oxidised at an anode where *C. thermophilus* CDH is co-immobilised with *Agaricus meleagris* PDH yielding six electrons instead of only two. Fig. 10Reaction pathway of glucose oxidation by a bi-enzymatic system consisting of CDH (C1 oxidation, *black arrows*) and *Agaricus meleagris* PDH (C2 and C3 oxidation, *grey arrows*). Reproduced from \[[@CR46]\] with permission from Elsevier

However, conventional mediators such as *p*-benzoquinone (BQ) are still in use as well. When comparing the efficiency of DET for a CDH-modified electrode in relation to MET it is quite convenient to use BQ dissolved in the buffer. This approach has been used previously \[[@CR88]\] and was also used for the characterisation of various CDHs \[[@CR45]\], especially for *N. crassa* CDH immobilised on spectrographic graphite electrodes with various substrates at pH 5.2 and 7 \[[@CR43]\]. A biosensor for the real-time measurement of cellobiohydrolase activity was established by Cruys-Bagger and co-workers \[[@CR54]\] using a BQ-containing carbon paste electrode modified with cross-linked *P. chrysosporium* CDH. The sensor detected cellobiose with a sensitivity of 87.7 μA mM^−1^ cm^−2^, a low detection limit of 25 nM and a response time of ca. 3 s.

Application of CDH in biosensors {#Sec19}
================================

CDH was used in two ways in biosensors: either to detect the oxidation of carbohydrates or reduce quinones and catecholamines for signal amplification in an oxidative electrode setup. In a recent review the application of CDH in biosensors until 2010 is described in detail \[[@CR19]\]; here we give an overview of developments in the few last years (Table [5](#Tab5){ref-type="table"}). Depending on the source of CDH, specific catalytic properties allow the oxidation of different substrates by different CDHs and therefore different analytes in terms of biosensor applications. Class I CDHs show a very high specificity for β-1,4-linked substrates and are therefore ideal bioelements for the detection of cellobiose and lactose. But it has to be considered that these CDHs work only efficient under acidic pH conditions. Very sensitive lactose sensors based on class I CDH have been developed for use in the dairy industry; these have a detection limit down to 250 nM, which corresponds to 90 μg L^−1^ \[[@CR55], [@CR58], [@CR85]\]. In a different approach a lactose biosensor was developed by the combination of the thermometric signal from lactose oxidation with the amperometric signal of the enzymatic reaction \[[@CR138]\]. In contrast to the third-generation biosensor reported by Safina et al. \[[@CR55]\], the amperometric signal was based on the reduction of hydroquinone, which is formed during the oxidation of lactose by CDH. Table 5CDH-based biosensorsAnalyteDetection limitSensitivity (μA mM^−1^ cm^−2^)Mediator/enhancer^a^Electrode modificationElectrode materialCDHReferenceNoradrenaline1 nM15,800CellobioseAdsorptionSG*Pc*CDH\[[@CR85]\]Catechol1 nM9,500CellobioseAdsorptionSG*Pc*CDH\[[@CR85]\]Hydroquinone0.75 nM11,140CellobioseAdsorptionSG*Pc*CDH\[[@CR85]\][l]{.smallcaps}-Adrenaline5 nM1,140CellobioseAdsorptionSG*Pc*CDH\[[@CR85]\]3-Hydroxylamine hydrochloride2.5 nM9,160CellobioseAdsorptionSG*Pc*CDH\[[@CR85]\]3,4-Hydroxyphenylacetic acid1 nM13,440CellobioseAdsorptionSG*Pc*CDH\[[@CR85]\]Lactose1 μM17.8NoAdsorptionSG*Tv*CDH\[[@CR85]\]Lactose1 μM11.0NoAdsorptionSG*Ps*CDH\[[@CR85]\]Lactose1 μM1.06NoAdsorptionSG*Mt*CDH\[[@CR88]\]Lactose1 μM2.8NoAdsorptionSCE*Mt*CDH\[[@CR149]\]Lactose1 μM0.38NoPANI + adsorptionSCE*Mt*CDH\[[@CR149]\]Lactose250 nMNGNoCross-linkedSCE*Ps*CDH\[[@CR55], [@CR58]\]Lactose50 μMNGBQCovalent bindingCPG*Rec. Pc*CDH\[[@CR138]\]Cellobiose25 μM0.8NoAdsorptionSG*Pc*CDH\[[@CR150]\]Cellobiose25 μM23Os-polymerEntrapmentSG*Pc*CDH\[[@CR150]\]Cellobiose0.5 μM1.85NoAdsorptionSG*Mt*CDH\[[@CR88]\]Cellobiose25 nM87.7HydroquinoneCross-linkedSG*Rec. Pc*CDH\[[@CR54]\]Glucose1 mM0.0068NoAdsorptionSG*Mt*CDH\[[@CR88]\]Glucose0.05 mM0.22NoCross-linked + SWCNTsSG*Ct*CDH\[[@CR56]\]Glucose0.01 mMNGNoCross-linked + SWCNTsSCE*Ct*CDH\[[@CR57]\]*SG* spectroscopic graphite, *SCE* screen-printed carbon electrode, *PANI* polyaniline, *CPE* carbon paste electrode, *Rec.* recombinant, *NG* value not given^a^To increase the signal of catecholamines the enzyme's carbohydrate substrate was applied for signal amplification by recycling of the analyte

In another recent example, a CDH biosensor was designed to measure the cellobiohydrolase activity on insoluble cellulose \[[@CR54]\]. The ability of CDH to oxidise cellobiose---the reaction product of cellobiohydrolase---was used to monitor the transient kinetics of cellobiohydrolase. The approach could be validation by HPLC analysis and represents an interesting real-time method to monitor cellulase activity. The discovery that class II CDHs are able to oxidise the monosaccharide glucose opened the door to designing a third-generation glucose biosensor \[[@CR88]\]. Beside their altered substrate specificity, class II CDHs are not restricted to work under acidic pH conditions. Probably the most interesting candidate for a glucose biosensor is the CDH from *C. thermophilus* because the highest DET rates were found under human physiological pH conditions \[[@CR45]\]. The third-generation glucose biosensor based on CDH showed a linear range between 0.1 and 30 mM, which makes it suitable for measuring blood glucose levels \[[@CR47], [@CR57]\]. This CDH should allow the construction of a simple glucose biosensor which does not depend on oxygen or any other artificial redox mediators and therefore represents an interesting alternative to established biosensors based on glucose oxidase and glucose dehydrogenase. The main targets for optimising CDH-based biosensors recently focused on the increase in current densities leading to higher sensitivities by designing the interface between the electrode and the enzyme.

Recent advances in CDH-based biofuel cell anode performance {#Sec20}
===========================================================

The initial work on BFC applications was based on spectroscopic graphite electrodes modified with adsorbed CDH. The class I CDHs from *P. chrysosporium* \[[@CR90], [@CR93]\], *T. villosa* \[[@CR125]\] and *Dichomera saubinetii* \[[@CR87]\] and the class II CDHs from *M. thermophilum* \[[@CR89], [@CR90]\] and *C. thermophilus* \[[@CR50]\] were used in these initial studies with lactose or glucose as the anodic fuel. In order to increase the current density in some of the studies, SWCNTs were also applied to increase the aspect ratio surface area to achieve higher loadings of adsorbed CDH \[[@CR89], [@CR90], [@CR93]\]. Mediating Os-polymers were also applied to achieve a direct contact of the electrode with the DH~CDH~ domain aiming at higher power densities gained at lower potentials \[[@CR89], [@CR91], [@CR93]\]. To maximise the open-circuit voltage, it is desirable to have enzyme molecules in DET communication with the electrode, in the absence of redox mediators. Most recently the focus for BFC-based setups using CDH has been on the use of gold nanoparticles (AuNPs). On the basis of the work by Murata et al. \[[@CR95]\] on nanomodification of polycrystalline Au electrodes with AuNPs, a covalent immobilisation technique for CDH was developed by Matsumura et al. \[[@CR48]\] based on a SAM of mixed thiols, amino and hydroxyl or carboxylic acid terminated, and GA as a cross-linker. The technique was optimised and further used with a *C. thermophilus* CDH-based anode in combination with a BOx-based cathode to construct a one-compartment, mediator-less BFC working under human physiological conditions with glucose/O~2~ as the fuel \[[@CR49]\]. The performance of the biodevice was evaluated in blood and plasma. In buffer containing glucose, the open-circuit potential was 0.66 V with a maximum power density of 3.3 μW cm^−2^ at a cell voltage of 0.52 V. The performance was only slightly reduced in the physiological fluids. The half-life was 30 h in buffer, 8 h in blood and 2 h in plasma. The same modification was used to fabricate a device tested in lachrymal fluid (tears) for possible future applications on non-invasive medical devices ex vivo \[[@CR51]\]. The CDH/BOx/AuNP-based nanodevice had an open-circuit potential of 0.57 V with a maximum power density of 3.5 μW cm^−2^ at a comparably low operational voltage of 0.2 V, probably owing to interferences with ascorbic acid and dopamine. At 0.5 V a maximum power density of only 0.8 μW cm^−2^ was observed because of the low concentration of glucose in the lachrymal fluid. Figure [11](#Fig11){ref-type="fig"} shows the performance of the BFC in the described buffers and physiological fluids. Fig. 11Dependency of the power density on the operating voltage of a glucose/O~2~ biofuel cell based on Au\|AuNP\|*Ct*CDH\|\|bilirubin oxidase\|AuNP\|Au under air-saturated quiescent conditions in *a* PBS pH 7.4, 5 mM glucose; *b* human blood; *c* human plasma; *d* unstimulated human saliva; *e* human basal tears. Reproduced from \[[@CR51]\] with permission from Elsevier

Conclusions and outlook {#Sec21}
=======================

CDH is an emerging biocatalyst for biosensors and biofuel cells. Its versatility originates from its unique molecular properties, but also from the catalytic heterogeneity of CDHs from different sources. Differences in the pH optima, the pH optima for IET, the substrate specificity, etc., span a wide range and provide a toolbox of CDHs for different tasks and applications. Over 20 CDHs from different fungi have been characterised so far and recombinant expression techniques guarantee access to these enzymes. An issue of importance with CDH is, however, the microheterogeneity of enzyme preparations, especially glycoforms. Glycosyl residues alter the IET, but also the binding to electrode surfaces and the orientation on the electrode and are therefore an important factor to watch in future experiments. Another critical factor is the loading of FAD in recombinantly produced ascomycete CDHs. The substochioimetric presence of FAD in the DH~CDH~ results in apparently lower turnover numbers and reduces the catalytic current. Alternative expression strategies or expression hosts should be tested for better results. The development of specifically modified electrode surfaces, either by chemical modification or by nanostructures, has tremendously increased the currents achievable with CDH-modified electrodes. A combination of the approaches from materials science and enzyme engineering will have great impact on the development of CDH-modified electrodes with high current densities in the milliampere per square centimetre range. Such high current densities will ultimately allow miniaturisation of CDH electrodes down to single carbon fibre electrodes, which can be used in miniaturised biosensors for continuous on-site or point-of-care measurements. Finally, one should mention the exciting use of ionic liquids in combination with CDH. Ionic liquids are potential candidates as non-aqueous solvents in this context and were shown to improve the shelf-life of CDH bound to AuNPs and carbon nanoparticles \[[@CR151], [@CR152]\].
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